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Abstract 


The compounds of compositions BaxSri.xFeo. 8 Coo. 203.6 (0^x:^1; in the interval of 
x=0.2) have been synthesized using a combined citrate-EDTA complexing 
method and characterized with regard to their thermal stability, phase (s), 
magnetic properties and oxygen desorption to understand the effect of partial 
substitution of strontium with barium and to ascertain their suitability as ceramic 
membrane for oxygen separation application at high temperatures. It is shown 
that weight loss of the resulting raw powder takes place upto 900°C: the overall 
weight loss being about 75%. The compounds, however, remain stable above 
820°C for x=0.6 and 900°C for all other compositions. X-ray diffraction studies 
revealed the crystal structure of compounds as cubic (perovskite type) for all 
compositions except x=1.0 and the progressive increase in lattice parameter with 
increase in barium content; the value being in the range (3.888-4.052) ± 0.004 A. 
BaFeo. 8 Coo. 203-6 compound depicts an hexagonal structure with a=5.889 A, 
c=4.653 A (the accuracy being ± 0.004 A). Barium substitution is found to lower 
the overall magnetization and increase the coercivity value of system. Further, 
the Curie temperature of SrFeo. 8 Coo. 203 -a and Bao. 5 Sro, 5 Feo, 8 Coo. 203.6 compound 
turns to be 575° and 600°C , respectively (the later being more stable 
magnetically). It is believed that the partial substitution of strontium with barium in 
SrFeo. 8 Coo. 203-6 facilitates the oxidation of Co°* to Co"^"^ and Fe^"^ to Fe'^'^. The 
optimum working temperature of the compounds as ceramic membrane for 
oxygen separation application is shown to be 850° and 915°C for SrFeo. 8 Coo. 203.6 
and Bao. 5 Sro, 5 Feo. 8 Coo. 203 - 6 , respectively. 
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Chapter 1 


1.1 Introduction 


Ceramic membranes have drawn attention of academia as well as industries in 
the recent past due to their application as separators and inherent stability in 
extreme operating conditions (e.g., high temperature and large pressure 
gradient). Also they withstand attack from chemically active mixture. Unlike 
organic membrane, these are invulnerable to microbial degradation and their 
service life is three to five times larger. A recent report showed that almost half of 
the earth’s volume is composed of perovskite-type compounds, with the formula 
ABOs.as the high-pressure phase of (Mg,Fe)Si03 and CaSiOs . Their structure 
can be described be a cubic unit cell which contain an A-ion at the center of a 
cube, B-ions at the corners and oxygen ions at the centre of cell edge (termed as 
A-type cell). Alternately B-ions lie at the centre with A-ions at the corners and 
oxygen ons at the face-centred positions of a cube (called as B-type cell). 
Various combinations of ions provided that the charge balance holds among the 
component ions and the ionic radii of A-,B-, and 0-site ions (rA.re, and 
ro, respectively) satisfy the condition 0.71 <t<1, where the tolerance factor(t) is 
defined by 

t = (rA + ro)/[2^^^(rB + ro)] (1) 

Perovskite-type ABO3 compounds with various properties can be insulators, 
dielectrics, magnetic materials, electronic conductors, ionic conductors, mixed 
conductors, and superconductors. Some are chemically quite active and so are 
good catalysts. In general, the nature of a perovskite-type compound is 
determined by its B-site ions. For example, high conductivity compounds usually 
have B-site ions of mixed-valence state, while insulators generally have fixed- 
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valence B-site ions. Their properties are quite sensitive to the oxygen deficiency 
and A-site occupancy. Various functional properties of perovskite-type oxide 
(ABO3) can be easily modified by the total or partial replacement of cations at A- 
and/or B-sites. When the B-ions have a mixed-valence state (e.g., transition 
metals), the partial substitution of A-site cations by other metal ions with lower 
valency usually causes the formation of oxygen vacancies and a change in the 
valence state of the B-ions in order to maintain the charge neutrality [1]. With 
trivalent transition metal ions in the B-site and a trivalent rare earth in the A- 
position, the compounds exhibits p-type conduction with majority and minority 
nonstoichiometric defects as cation and oxygen vacancies, respectively. 
However, the mobility of oxygen is greater than that of cations. To enhance the 
ionic conductivity it is essential to increase of the oxygen vacancy concentration 
somehow. One way for ensuring this is by substitution of acceptors at the A- or 
B-sites, on replacing B-ions with smaller but lower valence ions [2-6], Perovskite 
type-oxides are characterized by large departures from ideal stoichiometry ABO3. 
This situation prevails when the aliovalent cations are used for the substitution or 
redox process occurs in the presence of transition metal atoms, capable of 
assuming different oxidation states. The oxygen vacancies tend to disorder at 
elevated temperatures, maximizing their configurational entropy, and so become 
highly mobile [7]. The mixed oxides, of the type AxAi-x By Bi.y O3-6 (A = La; A = 
Ba,Sr,Ca: B= Cr,Fe,Co,Mn: B= Ni,Cu) show a high ionic conductivity as well as 
electronic conductivity due to the oxygen vacancies and mixed-valence state 
respectively. Some of these perovskites exhibit oxygen permeability 1 to 2 orders 
of magnitude higher than conventional stabilized zirconia and so possess 
potential application as permeation membranes for separation of oxygen from air 
without the use of any external electrical circuit. In fact, these provide a clean, 
efficient and economical means of producing oxygen from air or gas mixtures. 
Other applications of ABO3 type oxides include partial oxidation of methane to 
syngas [8-12], oxidative couplers to value-added products, such as 
ethane [13-15]. 
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1.2 Oxygen separation methods 


At present oxygen is produced on industrial scale mainly by cryogenic distillation 
of air. This is a very energy intensive process and economic operation is possible 
only on a large scale. An alternative method is pressure swing adsorption, where 
nitrogen from compressed air is adsorbed preferentially on active carbon or a 
zeolite. After removal of the oxygen-enriched air, the pressure is reduced to 
desorb the nitrogen. This can be operated economically at smaller scale but has 
the disadvantage of being a discontinuous process. A relatively new 
development is the dense ceramic membranes which can exclusively separate 
oxygen from air at high temperatures [16]. In future, these membranes may 
possibly be applied in small scale units for the production of pure oxygen, in the 
field of chemical processing, such as the partial oxidation of hydrocarbons. 

The ability for separation is based on the existence of high concentration of 
vacant oxygen crystallographic sites in the ceramic membrane. At elevated 
temperatures the oxygen anions become mobile and their diffusion occurs via 
neighboring oxygen vacancies. In a number of cases, sufficient internal space 
exists to allow oxygen anions to occupy interstitial sites, which may contribute 
further to the oxygen ion conductivity. Two types of dense membranes can be 
distinguished as the solid electrolytes and the mixed ionic-electronic conductors. 
The solid electrolytes are pure oxygen ion conducting materials. In, order to 
operate as an oxygen separation membrane, electrodes are deposited on both 
sides, and external wiring is attached. At the triple phase boundary line between 
the oxide, the electrode and the gas phase, oxygen may be incorporated into or 
released from the structure following the net exchange reaction O 2 + 4e' ^20^'. 

A solid electrolyte membrane can be operated in two different modes, as 
depicted schematically in Figure 1.1 [17, 18]. The primary purpose of solid oxide 
fuel cell mode (Fig 1.1a) is for the generation of electrical energy. The cathode is 
exposed to air. An oxygen-consuming chemical reaction takes place in the anode 
compartment, causing thereby a local decrease in the thermodynamic potential 
of oxygen. The driving force for oxygen transport is the pressure gradient across 
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the membrane. In principle, useful chemicals can be co-generated next to 
electricity if a proper choice is made for the oxidation reaction in the anode 
compartment. 


l»w oxygen partial pressure 
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^( anode) 
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load 



tetrode 
Icatiiode ) 
high ojgrgen partial pressur' 



electrode 

(anode) 


'tetrode 
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a.) solid oxide fuel cell I, .)electrochentical oxygen punqp 

Fig.1.1 Modes of operation of solid electrolytes for tlie sepai'ation of oxygen 


Figure 1.1b shows the electrical oxygen pumping mode. The driving force for O 2 - 
transport through the electrolyte is an externally imposed electrical potential 
difference between the anode and cathode. In most cases, a chemical reaction 
where rate is affected directly by the supply or removal of oxygen is carried out in 
one of the compartments. In a number of cases it has been observed that the 
catalytic activity of the electrode itself is altered strongly upon electrochemical 
pumping of oxygen [19]. Commonly known solid electrolytes are S-BbOa and 
yuttria-stabilized zirconia (YSZ). The 5-cubic phase of Bi 203 is the best oxygen 
ion conductor known. In this, 25% of the crystallographic sites of oxygen are 
vacant. The high mobility of oxygen is due to the nature of bismuth [20]. The 
occurrence of oxygen vacancies in stabilized zirconia is due to the partial 
substitution of Zr"*"" by cations with a lower valency (e.g.; Y^'^, Ca^"^ or Mg^"^). In 
order to compensate for the lack of positive charge caused by substitution, 
oxygen vacancies get created. For instance. Yttrium and calcium-stabilized 
zirconia assume composition Zri.xYx 02 -i/x and Zri.xCax 02 -x, respectively. 
Stabilized zirconia membranes found to be thermally, mechanically and 
chemically stable. 
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An alternative to solid electrolytes are the mixed ionic-electronic conductors. 
Apart from ionic conductivity these materials exhibit significant electronic 
conductivity and provide an internal short-circuit. For this reason, these 
membranes do not need electrodes and an external circuit for the separation of 
oxygen. When a mixed conducting membrane is placed in an oxygen partial 
pressure gradient, anions permeate from the high to the low partial pressure 
side, while overall charge neutrality is maintained by a counterbalancing flux of 
electrons (and/or holes), as depicted schematically in Figure 1 .2a. 
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Fig.1.2 Types of mixed ionic-electronic conducting dense 
membranes, a) single phase membrane; b) dual phase 
composite membrane 


Both calcium-stabilized zirconia [21] and erbium-stabilized bismuth oxide 
(Bii sEro.sOa ) have been used as mixed conducting membranes in oxygen 
pressure gradients [22]. But it is demonstrated that the chemical diffusion of 0^‘ 
in them gets limited by the electronic conductivity. Attempts have been made to 
increase the concentration of electronic charge carriers in YSZ and bismuth 
oxide by partial substitution of zirconium with multivalent elements, e.g., cerium 
(Ce'*'^ + e‘ ■^Ce^'' ) [23] and terbium (Tb"*" +e'->Tb^'" ) [24,25], and thereby 
influencing the concentration of oxygen vacancies as well. Although the oxygen 
semi-permeability could be enhanced by these substitutions, yet the observed 
fluxes remained relatively low. 

Teraoka et al. [26] reported a series of perovskite-type LaMOa compounds 
(M=C0 and/or Fe), with partial substitution of La^" by Sr^^ and compositions Lai. 
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xSrxCOl.yFey Os-a (x=0-1, j/=0-1) 5 denotes the average number of vacant oxygen 
sites per unit cell determining the level of nonstoichiometry, in this class of 
materials, charge compensation for the substituted aliovalent Sr-cations involves 
not only the creation of oxygen vacancies but also the oxidation of a fraction of 
M to M . This leads to high concentration of ionic and electronic charge 
carriers at elevated temperatures (>700°C) [27, 28], In fact the oxygen semi- 
permeability is found to increase with increase of the strontium content. The 
influence of cation substitution in compounds Lao.6Ao.4Coo.8Feo.203^ (A= Na, Ca, 
Ba, Sr) and Lao.e Mo.4Coo.8Feo.2O3 . q (M=Fe, Co, Ni, Cu) is reported in later 
studies [29,30]. Apart from fast oxygen diffusion, mixed-conducting perovskite- 
type oxides exhibit a significant exchange of oxygen with the ambient 
contributing further to the oxygen flux through these materials. [31 , 32] 

For oxygen separation from air, cobalt-rich compounds with high concentration of 
aliovalent substitution appear to be most promising, because they combine high 
oxygen semi-permeability with chemical stability at elevated temperatures. The 
systems studied include SrCoo.8Mo.2O3- 5 . (M=Cr, Fe, Co, Cu) [33,34], 
SrCoi.xMx03.5 (x=0 - 0.5, M=Ti, Cr, Mn, Fe, Ni, Cu) [35,36], SrCoi.x-yFexCuy03.5 
(x=0 - 0.5, y=0 - 0.3) [36], Lni.xMxCo03-6 (x=0 - 0.9, Ln=La, Pr, Nd; M=Sr, Ca, Bi, 
Pb) [36-39], Yo.o5BaCoo.9503.5 [40], o.ioBao.9oCo03.5 [40] and Lai-xMxCoi.yFey03.5 
(M=Sr, Ba, Ca) [41,42]. The oxygen semi-permeability of a number of 
compounds containing no cobalt e.g., Lai.xSrxFe03.6 (x=0.1, 0.2), Lai.xCaxCr03-a 
and CaTii.xMx03.6 (M=Fe, Co, Ni) is found to be significantly lower than for the 
cobalt -containing perovskites.[43-46] 

Mazanec et al [47] proposed another type of dense membrane with two 
percolative phases involving ionic and electronic conductivity, respectively (Fig 
1.2b). While the transport of oxygen occurs through the ionic conducting phase, 
the counter flux of electrons takes place through the electronic conducting phase. 
More recently, cermet membranes based on bismuth oxide, with compositions 
Bii,5Yo.503-Ago.7Pclo.3. Bii.sYo.sOs-Ag, Bii.5Ero.503-Ag and Bii.5Ero,503-Au have 
been reported [48-49]. 
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1.3 Membrane reactors 


Membranes reactors are essentially used in oxidation processes. The major 
advantage lies in their ability to perform reaction and separation together in a 
single step and supply oxygen in a controlled manner. For instance, partial 
oxidation of methane to syngas, (CH4+34O2 CO+2H2) requires the supply of 

pure oxygen as the oxidant. The use of mixed conducting membrane reactors is 
attractive proposition as both air separation and methane conversion may be 
achieved in a single step without having a separate-oxygen plant (Figure 1.3). 
Also the electrochemically supplied 0^' is reported to perform better than 
molecular oxygen in terms of selectivities or conversions [50]. 



Fig 1.3 Schematic siuvey of fluxes and reactions in 
mixed- conducting membi'ane reactors. 

The membrane reactor has been used for thermal splitting of water 
H20->H2+1402 based on calcium-stabilized zirconia (CSZ) [37,38], thermal 
decomposition of carbon dioxide CO2 ->00+1402, [54, 55]. 

Oxidative coupling of methane to C2 hydrocarbons (ethane, ethane) has been 
reported on BaCeo.8Gdo.203-5. membranes at 900°C [57]. The tubes made of 
SrCoo.8Feo.203-6 and Lao.2Sro.8Feo,6Coo,403-6 membranes have been used for the 
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production of syngas at 900°C[59]. The membranes showed a high catalytic 
activity to total combustion of methane. Upon introducing an Rh-based catalyst in 
the reaction compartment, syngas was produced with 90% selectivity to CO and 
H 2 3t a methane conversion of 97%. Direct conversion of methane to syngas with 
100% selectivity to CO was reported in a tubular CaCoo. 8 Feo. 203 - 5 . membrane 
reactor at 750°C [60].Two-dimensional model calculations of syngas production 
employing SrCoo. 8 Feo. 203.5 tubes have shown that the heat generation per unit r 
volume remains low due to the gradual supply of oxygen along the length of the 
reactor, thus preventing thermal runaway[62]. 


1.4 Oxygen permeation transport parameters 


There are two basic transport processes defined for oxygen in a ceramic 
membrane with oxygen partial pressure gradient under the steady state 
condition: (i) coupled diffusion of oxygen ions and electrons in bulk and (ii) 
exchange of oxygen at the interfaces. 

1.4.1 Coupled diffusion of ionic and electronic species 


When the oxygen transport in a membrane is at steady state, there is no net 
charge current. This relates the fluxes J. of species i with electrical charge z\ as 


s 


Z, J, = 0 


(1.1) 


Limiting the discussion to one-dimensional diffusion in direction x, the flux of a 
species can be described by [63] . 

CT, dr], 


J: = 


z]F^'dX 


( 1 . 2 ) 


where cr, is the electrical conductivity of the species, F the Faraday constant, 
and T], defined as rj, = //, +z,.F<I) (//, indicates the chemical potential of species 
i, and ^ is the electrical potential). 
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If the charge-carrying species in the oxide are taken to be oxygen anion O^' , 
holes h"^ and electrons e', chemical quasi-equilibria may be assumed as 

+ 2e'-> 0^‘ (1.3) 

e' + h''->nil (1.4) 

between the molecular oxygen and the membrane oxygen, electrons and holes. 
Combining Eqs. (1.1) and (1.2) the flux of O^' can be written as 

/ = q;,2-(g:-+g-A^) M2- q ;- ^2- 

(^o2-+o;_+cr,J^;_i^ Sr Z,.. o;_+(T^ 

It follows from the quasi-equilibria (1 .3) and (1 .4) that 

dX dX dX ’ 


(1.5) 


(1.6) 




df^ 


/)+ 


(1.7) 


dX dX 

Taking into account that Zo2-=-2, Ze-=-1 and Z/,+ =+1, and comparing Eqs. (1.5) 
(1.6) and (1.7) one obtains 

SMo2 


J. 


02 - 


(1.8) 


If the thickness of the membrane is L and its interfaces are exposed to oxygen at 
of P 02 and P"o 2 at higher and lower side, respectively, oxygen chemical potential 
can be written as 


Mo2 =//o2 +i?Tlnp 


02 


(1.9) 


where is the reference chemical potential at temperature 7, and R the gas 
constant. Taking into account that 7^2 = 1 / 2 / 02 -- the oxygen flux becomes 

1 f O'q2-K-+Q'a0 


■/ 02 ~ 


16F^L ^0'q 2_ +0'e- + 


if In p 


02 


(1.10) 


This is called the Wagner equation, derived originally for the oxide film growth on 
metals [64]. In the perovskite-type oxides the total electronic conductivity 
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{(y^.+<Jh+) is usually found to be several orders of magnitude larger than the 
ionic conductivity and so the above expression gets simply to 


I P02 

^ j<T„2_£flnp„, 


02- 


\6F^L 


( 1 . 11 ) 


In p 
02 


The ionic conductivity of a species O^' can be described by [48] 


^02- ~ 


RT 


( 1 . 12 ) 


where Do is the self-diffusion coefficient of i, and Co the concentration of charge 
carriers. Physically, the transport of oxygen ions and vacancies, occur 
simultaneously but in the opposite direction. This implies that Do co = D v , 
where Dv and Cv are the oxygen vacancy diffusion coefficient and concentration 
of oxygen vacancy, respectively. The diffusional flux can then be expressed as 


J 


02 - 


ARTV^L 


In Pa 2 

In P02 


(1.13) 


Here it is all oxygen vacancies are mobile and contribute equally to oxygen 
transport, so that Cv = 5 / \/m , (Vm being the unit cell volume of perovskite). 


1.4.2 Exchange of oxygen at interfaces 


The interaction of membrane oxygen and the gas phase at the interface involves 
a number of steps, each of which may be rate determining [66, 67], e.g., (i) 
adsorption O 2 ^W02,ads,(ii) dissociation 02.ads -> 20 ads,(iii) movement of 
intermediate species on the surface, (iv) charge transfer Oads O'asd + h"^ -> 
0^‘ads +2h‘*' ,and (v) incorporation of 0^'ads into the membrane interior. In general 
it is assumed that reduction of O 2 and oxidation of O^' follow the same sequence 
of steps in reverse directions [50]. 

The rate of O 2 exchange at the interface in chemical equilibrium is related to 
the surface exchange coefficient [50] as 
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(1.14) 


/“ - —k r 
'^02 — ^ "■o^'O- 

Here Co is the concentration of oxygen anions in the oxide at equilibrium. 

1.5 Objective of present work 

The objective has been to study the effect of partial substitution of strontium with 
barium in SrFeo. 8 Coo. 203.5 compound. For this, compounds of composition 
BaxSri.xFeo. 8 Coo, 203 -a { x=0 ,0.2, 0.4, 0.5, 0.6, 0.8 and 1.0) have been prepared 
by combined citrate-EDTA complexing method and characterized with regard to 
their thermal stability, phase(s), magnetic properties(viz., saturation 
magnetization. Curie temperature, hysteresis loop, etc) and oxygen desorption 
behaviour to ascertain their suitability as ceramic membrane for oxygen 
separation application at high temperatures. 
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Chapter 2 


2.1 Experimental Details 

In this chapter, the experimental details pertaining to synthesis of ceramic 
membranes and their characterization by X-ray diffraction(XRD), thermo gravimetric 
analysis (TGA), magnetic measurements and oxygen temperature programmed 
desorption(02-TPD) are given. 

2.1.1 Synthesis of ceramic membrane 

In the preparation of a perovskite-type ABO3 compound, it is important to: (i) adjust 
the A/B ratio precisely to unity or in appropriate ratios when the A - or B-site ions 
are partially substituted with other elements, and (ii) make the product 
homogeneous. To achieve these objectives, efforts have been made to prepare 
Ceramic membranes of compositions BaxSri-xFeo.sCoo.aOs-s (0<x<1 ; in the interval 
of x=0.2) by a combined citrate and EDTA complexing method. Its flow diagram is 
shown in figure 2.1. 

The required amount of barium nitrate Ba(N03)2 is first dissolved in ethylene 
diaamine tetra acetic acid-ammonium hydroxide(EDTA-NH40H) solution with 
continuous stirring and heating. The appropriate amounts of strontium nitrate 
Sr(N03)2, cobalt nitrate Co(N03)2 and ferrous nitrate Fe(N03)3 are then added to the 
above solution. After stirring for a while, citric acid is introduced in such a way that 
the mole ratio of EDTA, citric acid and total metal ions becomes 1:1. 5:1. At this 
stage, NH4OH was added to adjust the pH value to about 6.0. This turns the 
solution transparent. Both the molar ratio of metal ions to ligand (i.e., citric acid and 
EDTA) and the pH influence its overall stability. The final solution is subsequently 
heated around 50-60°C, stirred continuously for about 24 hours, transferred onto 
the hot plate to remove water and to yield a dark purple gel. Eventually a soft lump 
is obtained which can be easily powdered. For the case of SrFeo.8Coo.203-6 (i.e. 
x=0), instead of Ba(N03)2, appropriate amount of Sr(N03)2 is first dissolved in 
EDTA-NH4OH before adding Co(N03)2 and Fe(N03)2. For ascertaining thermal 
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stability, weight of the resulting product is monitored with a balance by raising the 
temperature at the rate of 3°C per minute in a laboratory made set-up up to 950°C. 
Subsequently, different batches of powders have been calcined at 900°C for 5 
hours each. Calcined powder is sieved with 400 mesh for further study. Pellets of 
diameter 3mm and 10 mm with thickness of 1.8mm have been made by using a 
special hard steel die (fabricated for the purpose) at a pressure of 2x10^KN/m^ and 
6xlO^KN/m^, respectively. 



Fig. 2.1 . Flow chart of the combined citrate and EDTA complexing method 
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2.2 Characterization Techniques 

2.2.1 Thermogravemetric analysis (TGA) 


Thermal analysis is the name applied to a group of techniques having a common 
operating principle; as a sample is heated or cooled according to a 
predetermined programme, some physical quantity (e.g., mass, 
temperature/heat, etc) of the sample is recorded continuously as a function of 
temperature. The techniques may be classified into three groups depending upon 
the type of parameter monitored/measured :(i) the absolute value of the sample 
weight itself, (ii) the temperature difference between the sample and a standard 
material as a function of time/temperature, and (iii) the rate at which weight-loss 
or temperature difference is changing with time or temperature or heat supplied 
to sample or standard with time/temperature. For thermo gravimetric analysis, we 
developed our own experimental set up using a precision balance model Afcoset 
ER120A (sensitivity 0.1 mg), an electric cylindrical furnace (maximum achievable 
temperature 1000°C) and a programmable temperature controller model 
Endotherm MPC-500. Sample weight can be as small as 1 mg, but for greater 
precision and ease of handling, 10-25 mg samples are typically used. The TGA is 
widely used to measure the loss of volatile components or thermal stability of a 
sample. The experiments are run with a fixed temperature ramp (e.g., 3 
deg/min). The weight losses can be characteristic of material and, where the 
losses are in discrete steps, the experiment can offer quantitative data on the 
course of decomposition. The set-up is utilized to determine the nature of the 
synthesized product for their stability at a heating rate of 3° per minute in the 
temperature range of 25-950°C. 
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2.2.2. X-ray Diffraction (XRD) 


The XRD patterns of powder samples have been recorded in a Rick Seifert X-ray 
diffractometer model ISO Debye flux 2002 using a CuKo radiation to ascertain 
the phase(s) present. For this, powder is packed in a 10 mm diameter circular 
cavity of aluminium holder which, in turn, is mounted on the sample stage. The 
diffracted beam is received by a scintillation counter detector held at an angle of 
26 with the transmitted beam(0 being the angle between the sample surface and 
the incident beam).The rotation movement of the sample and the detector is 
synchronized such that the incident and diffracted beams always made the same 
angle(0) with the sample surface. The X-ray tube has been operated at 30 kV 
and 20 mA and diffraction pattern recorded at a scanning rate of 3 °/min in the 
angle 20 range of 20-80°. The time constant was set at 10 seconds and 
sensitivity is either 5000 or 2000 counts per minutes. XRD pattern is continuously 
observed on the monitor and data stored in a personal computer for final printing. 


2.2.3 Magnetic Measurements 

A pellet of 3 mm dia and 1.8 mm thickness is weighed and introduced in the 
vibrating sample magnetometer(Princeton VSM Model-1 50)equipped with an 
electromagnet (Varian model V-2700)capable of providing a maximum magnetic 
field of ~1 1 .5 kOe. The magnetic mornent measurements have been made as a 
function magnetic field and temperature. A regulated power supply (Networks 
model NPS 30/5D) is used to provide power to the furnace surrounding the 
sample and the chamber is evacuated using a pumping system. A chromel- 
alumel thermocouple is held close to the sample to indicate the temperature. 
The information derived includes magnetic parameters like saturation 
magnetization (Ms), coercive field (He) and curie temperature (Tc). 
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2.2.4 Oxygen Temperature-programmed desorption 


Oxygen temperature-programmed desorption (O 2 -TPD) experiment determines 
the number, type and strength of active sites on the surface by measuring the 
amount of gas desorbed at various temperatures. Pulse Chemisorb apparatus 
model 2705 is shown in Fig 2.2. 



Fig 2.2.The pulse Chemisorb 2705 


After the sample has been outgassed or reduced programmed desorption begins 
by raising the temperature linearly with time while a constant stream of inert 
carrier gas passes over the sample. At certain temperatures, the desorption 
occurs from the surface. The desorbed molecules enter the stream of inert carrier 
gas and are swept to the detector which measures their concentration. The 
volume of desorbed species combined with the stoichiometry factor and the 
temperature at which pre-adsorbed species desorb yield the number and 
strength of active sites. The output data show peaks (as shown in fig.2.3) and 
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strength of active sites. The output data show peaks (as shown in fig.2.3) and 
can be reproduced on a chart recorder. The total amount of desorbed oxygen 
can be calculated from the area under each peak. 



Temperature ► 

Fig 2.3 Peak data from the sample 


A Pulse Chemisorb apparatus model 2705 shown in Fig 2.2 is used for O 2 -TPD 
study of BaxSri-xFeo. 8 Coo. 203 . 5 . For this, about 0.1 g of sample is loaded in a 
quartz tube assembly and placed in a single-zone furnace equipped with a 
temperature controller. Helium has been used as the carrier gas with a flow rate 
of 30 ml/min. The temperature is increased from 50 to 1000°C at a rate of 
10°C/min. A thermal conductivity detector (TCD) has been used on line for signal 
detection with a computer data acquisition system. 
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Chapter 3 


3. Result and discussions 
3.1 Thermo gravimetric analysis 

As a material decomposes on heating it loses volatile species causing a 
decrease in weight. Therefore, as successive decomposition reactions occur 
with increasing temperature, a thermo gravimetric (TG) curve shows a series of 
sharp weight-losses separated by plateaus of constant weight. However, the 
weight-loss sometimes does not occur at one temperature, but over a range if 
processes overlap. In such a situation, a constant-weight plateau does not 
necessarily occur and the overlap step- like appearance of the ideal TG curve is 
smoothed out in practice [74].The decomposition temperature regime and 
fractional weight-loss may be evaluated directly from the TG curve. The 
maximum rate of weight-loss for each stage is indicated by a point of inflection 
(P) on the curve. The resolution of complex TG curve is improved by drawing the 
corresponding differential or derivative thermo-gravimetric curve. The mass 
versus temperature and -dw/dT versus temperature plots of the synthesized 
BaxSri-xFeo.sCoo.aOs-s (0^x^1) compounds are shown in fig 3.1. The system is 
stable at 900-950°C for all the compositions. For the some compositions, the 
stability extends down up to a lower temperature (e.g. 820°C for x=0.6).As 
barium content is increased beyond x=0.2 the compound exhibit plateau (which 
means stability) at another temperature range, i.e., 450-650°C. The data derived 
from the TG curves are summarized in Table 3.1. 

Based on the outcome of TG analysis, all the compounds have been annealed 
at 900°C for 5 hrs for further investigation. This ensured removal of all volatile 
species contained in the samples at the end of synthesis. The fractional weight 
of the compound eventually turns to be nearly 0.25 in all cases. 
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Fig. 3.1 (a): Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri.xFeo. 8 Coo. 203.5 for x=0 
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Fig.3.1 (b): Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri.xFeo.sCoo.aOa-s for x=0.2 
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Fig. 3.1 (c): Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri-xFeo. 8 Coo. 203.6 for x=0.4 



0.007 


0.006 


0.005 


0.004 


0.003 


0.002 


0.001 


0.000 



Fig. 3.1 (d); Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri-xFeo.sCoo.aOs-e for x=0.5 
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Fig. 3.1 (e); Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri-xFeo.sCoo.aOs-s for x=0.6 



Fig. 3.1 (f): Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri-xFeo.sCoo.aOs-s for x=0.8 
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Fig. 3.1 (g): Weight versus Temperature and -dw/dT versus Temperature 
plot for BaxSri.xFeo.8Coo.203.5 for x= 1 .0 
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Table 3.1 Parameters for BaxSri.xFeo. 8 Coo. 203 . 5 ( 0 <x <1)with initial mass of 1 g in each case derived from the TG curves 
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3.2 Phase evaluation 


XRD pattern of pure sample together with a standard aluminum sample recorded 
with CuKo radiation is shown in fig 3.2.The diffraction peaks of aluminum are 
marked and used as a reference to calibrate the system and make corrections in 
values of the diffraction peaks of BaxSri.xFeo.sCoo.aOs-s (0^x^1) compounds. The 
20 values, interplanar (d) spacing, and relative intensities of various diffraction 
peaks with their respective Miller indices are given in Table 3.2. It can be seen 
that all the compounds have nearly similar XRD patterns (except strontium free 
system, i.e., x=1). These compounds contain mainly the cubic perovskite type 
phase with another cubic phase in small quantity (as its peaks are weaker). But 
the cubic perovskite structure is well preserved throughout. It implies that the 
partial substitution of strontium with barium ion gets totally adjusted in the 
SrFeo. 8 Coo. 203-5 unit cell. 



Fig. 3.2; (a) XRD pattern of BaxSri.xFeo. 8 Coo. 203-5 for x=0 
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Fig. 3.2: (b) XRD pattern of BaxSri.xFeo. 8 Coo. 203-6 forx=0.2 
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Table 3.2: 20’s, interpianar spacings and intensities of various peaks observed in XRD of BaxSri.xFeo.sCoo.aOs 


1 

1 

1 

1 

1 

1 

1 

1 

1 

j 

1 

I 

' 

1 

1 

1 

1 

1 

OO 

o 

od 

11.12 1 

1.223 1 

3]1(A1) 1 

1 

f 

1 

1 




1 

78.115 1 

9.6 

1.223 1 

311(AI) 1 

1 

1 

1 

1 

1 

1 

1 

1 

\ 

1 

1 

1 

1 

1 

1 



1 

68.105 

14.52 

1.376 1 

O- 

t 

1 

! 

1 

1 

1 

1 

1 

1 

1 

1 

1 

73.76 1 

OO 

1.285 i 

310 1 

1 78.09 

OO 

ON 

1.224 

310 

1 

1 

i 

1 

1 

1 

1 

1 78.025 

5.65 

1.224 

(IV) ne 

65.065 

16.35 i 

1.432 1 

/""S 

< 

'S' 

(N 

(N 

78.005 1 

6.92 1 

1.222 1 

311(AI) 1 

1 

1 

1 

I 

t 

1 

r- 

rn 

NO 

10.32 

1.39 1 

220 

OO 

8.38 

1.258 

zzz 

78.215 

12.57 

! 1.223 

31l(Al) 

76.305 

12.04 

1.248 

310 

63.23 

18.54 

LVl 

220 i 

75.355 1 

11.32 1 

1.258 1 

310 1 

78.215 1 

11.54 

1.223 1 

311(A1) 1 

65.135 1 

18.58 

1.431 1 

220(A1) 

od 

23.80 

1.371 

mz 

6?,.n5 

23.19 

1 1.374 

220 

o 

NO 

15.73 

1.396 

220 

57.59 

15.04 

vq 

o* 

66.105 1 

22.76 1 

1.45 1 

220(Al) 1 

74.165 1 

NO 

1.28 1 

310 1 

62.98 1 

12.44 

1.475 1 

301 

58.195 

44.09 

1.583 

<N 

65.985 

17.22 

1.417 

220(A1) 

65.985 

od 

1.415 

220(A1) 

56.425 

15.5 

1.629 1 

211 1 

56.415 1 

34.26 1 

1.626 1 

(N 

65.235 1 

20.25 

1.431 1 

220(A1) 1 

55.17 1 

od 

1.665 1 

CN 

49.745 

17.91 

1.829 

210 

o 

od 

36.99 

1.59 

CN 

57.135 

31.11 

1.611 

(N 

49.785 

24.51 

1.829 

210 1 

50.985 1 

10.15 1 

1.785 1 

210 1 

63.22 1 

3r9l 

1.47 1 

220 1 

52.39 1 

13.41 

1.746 1 

210 1 

46.705 

38.76 

1.941 

200 

49.865 

28.22 

1.83 

210 

49.765 

10.25 

1.831 

210 

46.21 

16.40 

1.965 

o- 

45.305 1 

33.63 1 

1.994 1 

200 1 

55.51 1 

33.38 

1.66 1 

CN 

49.66 1 

608 1 

1.836 1 

210 1 

44.695 

ON 

(> 

o 

2.023 

200(A1) 

46.645 

37.03 

1.949 

o 

o 

CN 

46.075 

31.49 

1.969 

o 

o 

(N 

44.745 

96.33 

2.023 

(iv)oo^ 

44.625 1 

00 

(N 

(N 

O 

ri 

1 (IV)003 

49.775 1 

24.81 

1.834 1 

210 i 

44.645 i 

64.07 

2.028 1 

200(AI) i 

40.225 

25.54 

2.236 


44.695 

56.82 

2.029 

(IV)OOZ 

44.745 

19.39 

2.024 

(IV)OO^ 

41.205 

12.32 

OO 

00 

(N 


40.31 

17.98 

2.23 

- 

44.695 

86.18 

2.03 

(iv)ooz: 

41.225 1 

17.7 

2.242 1 

201 

38.505 

OO 

OO 

2.332 

lll(Al) 

40.215 

44.42 

2.245 

- 

39.585 

15.62 

2.275 


40.22 

24.39 

2.242 

o- 

38.505 

21.39 

2,323 

lll(Al) 

o 

o 

20.25 

2.249 


38.505 

91.14 

2.336 

lll(Al) 

36.535 

20.2 

2.452 

O* 

38.505 

85.34 

cn 

ri 

lll(Al) 

38.505 

16.81 

2.337 

(IV) III 

38.505 

100 

2.334 

lll(Al) 

36.79 

11.62 

2.44 

C- 

38.505 

80.56 

2.342 

(iv)lll 

37.185 

12.5 

2.416 


32.515 

r66 

2.745 

O 

36.655 

33.2 

2.454 

o* 

36.66 

11.97 

2.45 

o- 

34.165 

34.85 

2.457 

- 

31.555 

o 

o 

2.819 

o 

31.235 

100 

2.869 

O 

31.235 

80.04 

2.86 

o 

24.955 

28.91 

3.554 

100 

32.475 

100 

2.757 

o 

32.115 

99.8 

2.785 

o 

31.715 

52.18 

2.816 

o 

21.955 

15.81 

4.013 

O* 

22.065 

22.79 

4.04 

o* 

25.725 

36.69 

3.459 

o 

O' 

(N 

Intensity 

d-vaIiies(A) j 

hkl 

O 

(N 

Intensity 

CO 

o 

> 

TJ 

hkl 

c 

Intensity 

< 

'w' 

00 

<D 

-3 

Id 

> 

1 

"O 

§ 

O 

cs 

Intensity 

d-values(A) 

hkl 

3 

<r> 

C4 

Intensity 

< 

CO 

0 

cd 

> 

1 

"U 

hkl 

S' 

CN 

Intensity 

d-values(A) 


o 

CN 

Intensity 

1 d-values(A) 

hkl 



o 




X=0.2 


O 

X 

O 

X 

NO 

o 

11 

X 

00 

O 

X 

O 

T 

X 




Fig. 3. 2.1 shows the schematic diagram of the ideal cubic perovskite structure in 
which A-cations occupy corners, B-cation lies at the cell centre and O^' ions sit at 
the face centred positions. Each ion in the unit ceil may be assumed to be of 
spherical shape. When the barium ion enters into the unit cell of SrFeo. 8 Coo. 203.6 
and occupies the interstitial sites, there are three possible tetrahedral positions 
as shown in fig 3.2.1 (b-d); i.e., within (a) the Sr1-01-02-03,(b) the B-01-02-03, 
and (c) Sr1-Sr2-01-03 tetrahedron , respectively. 



Fig. 3. 2.1 schematic diagram of (a) ideal ABOs-type perovskite structure, and (b, 
c and d) possible tetrahedral positions 1, 2 and 3 for Ba^* ion on entering the 
SrFeo.sCoo.aOa-o unit cell. 


The maximum radii of the sphere which can fit into the tetrahedral positions 
should be 0.263, 0.204 and 0.492 A for positions depicted in fig. 3.2.1 b, c and d, 
respectively. Thus, the largest sphere of radius 0.492 A can enter into the 
SrFeo. 8 Coo. 203.6 without distorting the unit cell. The ionic radius of Ba^"^ is 1 .34 A, 
which is much larger than 0.492 A. The insertion of barium ion should therefore 
result in an overall expansion or distortion of the unit cell. Obviously, these sites 
seem to be unfavorable for the Ba^"" ions. Considering the size of various ions 
=0.72A,r^,2, =0.74A,ro,_=1.32A,r5,2,=1.12A,r^,, =1.34A), the most 
probable locations for Ba^"" ions are Sr^'" sites only. Since the Ba^"" ion is slightly 
larger than Sr^"", it is expected that the unit cell of the substituted compounds 
exhibit a minor increase in size. Needless to say that the tolerance factor (t) for 
the synthesized compounds takes the value in the range 0.92 to 0.997. 
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The analysis of XRD patterns of BaxSri.xFeo. 8 Coo. 203.6 (0<x<1) reveals all 
(except x=1.0) to possess perovskite type cubic structure with the lattice 
parameter in the range 3.888 ± 0.004 A to 4.052 ± 0.004 A for x = 0 to 0.8 
(Table 3.3). The increase of lattice parameter with rise in barium content can be 
attributed to the larger size of barium in comparison to strontium. Fig 3.2.2 
shows the variation of lattice parameter as a function of barium content. 

Table 3 . 3 : Crystal structure and lattice parameter of 
BaxSri.xFeo.8Coo.203.5 ( 0 ^x< 1 ) compounds 


Barium 

content(x) 

0 

0.2 

0.4 

0.5 

0.6 

0.8 

1.0 

Crystal 

structure 

cubic 

cubic 

cubic 

cubic 

cubic 

cubic 

hexagonal 

Lattice 
parameter ± 
0.004(A) 

3.888 

3.889 

3.944 

3.955 

4.008 

4.052 

a= 5.889, 
c=4.653 

Known lattice 
parameter(A) 

3.863[68] 



3.979[68] 

- 

- 

a=5.590, 

c=4.820[69] 



Fig. 3.2.2: Barium content versus lattice parameter 
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The lattice parameter values agree well with the pervious reports on 
SrFeo.8Coo.203.5 and Bao.sSro.sFeo.sCoo.aOs-e systems, the value being 3.863 A 
and 3.979 A , respectively [68]. For BaFeo.8Coo.203.6 compound (i.e., strontium 
free system), the crystal structure is hexagonal with lattice parameters 
a = 5.889 A ± 0.004 A, c = 4.653 A ± 0.004A (Table 3.3), consistent with the 
pure BaFe03.e compound which crystallizes in hexagonal structure with 
a = 5.590 A, c = 4.820 A [69]. It may be mentioned that XRD pattern contain 
some extra weak peaks corresponding to a cubic perovskite phase with lattice 
parameter a ~ 4.074 A as well. This implies that a small quantity of cubic 
perovskite phase co-exists with the main hexagonal phase. 
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3.3 Magnetic Measurements: 


The magnetization vs magnetic field curves of BaxSri.xFeo. 8 Coo. 203.5 (0 <1) at 

room temperature are shown in fig 3. 3.1. Their saturation magnetization 
(Ms),coercivity and curie temperature values are summarized in Table 3.4. 
Clearly there is decrease of magnetization with increase of the barium content in 
BaxSri-xFeo.sCoo.aOs-s system. Also the saturation magnetization is invariably 
lower than that of SrFeo.sCoo.aOs-e (i ©-, barium free compound). It suggests that 
barium substitution is somehow contributing to lowering of overall magnetization. 
Further, with increase in barium content there is decrease in magnetic saturation 
with widening of the hysteresis loop (i.e., increase in the coercivities value).The 
highest value of coercivity is found for BaFeo.aCoo.aOs-s compound which exhibits 
hexagonal structure. 

The decrease in the value of saturation magnetization is somewhat deceptive as 
the cobalt-iron content itself decreases with increase of barium in 
BaxSri-xFeo.sCoo.aOs-s (molecular weight being continuously increasing). 
Therefore the saturation magnetization is expected to decrease as magnetic 
species are effectively reduced with progressive substitution of strontium with 
barium. Considering the effect of decrease in content of cobalt-iron alone, the 
saturation magnetization should decrease by factor a, given by 

- of Sr FeoiCooiOi 

Molecular Weight of Ba^Sr^.^FCeiCOoiOi 

Table 3.3 list values of saturation magnetization after correction for the effective 
decrease of cobalt-iron content. Accordingly, decrease in saturation 
magnetization should have been more than found experimentally. The possible 
reason could be change in the environment of magnetic species with increased 
substitution of strontium by a slightly larger size barium (ionic radii of Sr^"" and 
Ba^"" being 1.12A and 1.34A ,respectively).Still the variation is too small to infer 
about the role of Ba^"^ with certainty. 
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Table 3.4: The values of magnetization (Ms), coercivity (He), curie 
temperature, and factor (a) of BaxSri-xFeo.8Coo.203.6 compound in the 
range x =0 to 1 . 


Barium content(x) 

0.0 

0.2 

0.4 

0.5 

0.6 

0.8 

1.0 

Saturation 

Magnetization 

(emu/g) 

3.31 

3.27 

3.18 

3.09 

2.96 

2.82 

2.71 

Coercivity 

Hc(x 10^ Tesla) 

49 

53 

71 

79 

98 

125 

150 

a 

1 

0.95 

0.91 

0.89 

0.87 

0.83 

0.79 

Saturation 

Magnetization 

(emu/g) * 

3.31 

3.14 

3.01 

2.95 

2.88 

2.75 

2.61 

Curie 

T emperature(°C) 

575 


600 



* expected change due to Co-Fe content variation in per gram of the sample 




Fig 3.3.2; Hysteresis parameters versus compositions 
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The magnetization versus temperature (T) curves for the composition x=0 and 
x=0.5 at a fixed magnetic field of 0.05T are shown in fig 3.3.3. The magnetization 
value first decreases continuously but slowly with increase of temperature upto a 
point beyond which the change is somewhat abrupt. Curie temperature (Tc) 
values determined by the intersection of tangent drawn at the point of highest 
slope in the magnetization versus temperature curve with abscissa are 575°C 
and 600°C for x=0 and x=0.5, respectively. This result is indicative of better 
magnetic stability of Bao. 5 Sro. 5 Feo. 8 Coo. 203-6 compound in comparison to 
SrFeo. 8 Coo. 203-6 compound. 



Fig 3.3.3; Magnetization versus Temperature 
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3.4 Oxygen Temperature-programmed desorption: 


In O 2 -TPD experiment the oxygen releases from compound with rise in 
temperature via creation of oxygen vacancies by reduction of metal ions from 
high valance state to lower valance state. The O 2 -TPD profiles of 
BaxSri.xFeo, 8 Coo. 203.5 (for x=0 and x=0.5) are shown in fig 3.4 and corresponding 
peak temperatures and areas under the curve are listed in Table 3.5.The points 
that emerge from these results are; 

(a) the shifting of peaks towards higher temperature with barium insertion , i.e., 
leading to improved stability. 

(b) oxidation of Co^* and Fe^"^ to higher valance state Co'^'^ and Fe'*'^ is effectively 
facilitated with the introduction of barium. 

(c) area under the peak increases with barium substitution implying thereby that 
Bao. 5 Sro, 5 Feo. 8 Coo. 203.5 is a better membrane for oxygen separation than 
SrFeo. 8 Coo. 203 . 5 . The optimum working temperatures for these membranes turns 
out to be 850°C and 915°C respectively. 

(d) for x=0.5, another broad peak appear around 300-450°C.This implies partial 
substitution of strontium by barium influences the bonding energy of metal-ion 
and oxygen. 

XRD pattern of the ceramic membranes recorded after O 2 -TPD experiments are 
shown in fig 3.5.Their analysis reveal suppression of diffraction peaks and 
decrease of lattice parameter by 1-1 .5%. It is expected as desorption leads to 
creation of oxygen vacancies in the membranes. 


36 




Fig.3.4.02-TPD curves of BaxSri.xFeo, 8 Coo. 203 .s for x=0 and 0.5 


Table 3.5: Parameters of O 2 -TPD profile: 


Barium content(x) 

0.0 

0.5 

Peak temperatures(°C) 

650 

850 

760 

915 

Area under the peak 
in arbitrary unit 

8.247 X 10' 

9.61 5x 10^ 

2.36 X 10^ 

3.360X 10® 
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4. Conclusions 


1. A series of ceramic membranes of compositions BaxSri.xFeo. 8 Coo, 203.5 
(0^x^1; in the interval of x=0.2) can be synthesized successfully by a 
combined citrate-EDTA complexing method. 

2. The membranes of all composition are quite stable at 900-950°C. Barium 
insertion makes the compound stable even at lower temperature range of 
450-650°C. 

3. BaxSri-xFeo. 8 Coo. 203.6 compounds exhibit a perovskite type cubic structure 
with progressively larger lattice parameter as the barium content increases 
from x=0 to x=0.8; the lattice parameter being in the range 
3.888 A - 4.052 A. BaFeo.sCoo.aOs-g compound depicts an hexagonal 
structure with lattice parameters a = 5.889 A, c = 4.653 A(The accuracy 
being ± 0.004 A). 

4. Magnetization value decreases while coercivity value increases with 
increase in barium content. Further, the Curie temperature of 
SrFeo. 8 Coo. 203.5 and Bao. 5 Sro. 5 Feo. 8 Coo. 203-6 compound is 575° and 
600°C, respectively. 

5. The optimum working temperature of the membranes for oxygen separation 
is above 850° and 915°C for compositions SrFeo. 8 Coo, 203-5 and 
Bao. 5 Sro. 5 Feo, 8 Coo. 203 - 6 , respectively. 
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